In this paper, we have synthesized exotic carbon fibers with branched spurs by a chemical vapor deposition method using nickel catalyst precursor at 600 ºC. No catalyst particles were found at the base of the carbon spurs, suggesting that the nickel catalyst particles, which were decomposed from the nickel catalyst precursor, facilitated the growth of the carbon fibers but not the spurs. The formation of the spurs resulted from the fluctuation of the carbon source gas acetylene flow. The samples were characterized by field emission scanning electron microscopy, transmission electron microscopy, and X-ray powder diffraction.
Introduction
In 2010, Andre Geim and Kostya Novoselov won the Nobel Prize in physics for their innovations in the study of graphene, one of the newest kinds of carbon materials and one that possesses unique chemical and physical characteristics. Carbon fibers have attracted considerable attention also from many researchers in recent years due to their potential applications, and consequently, their growth mechanisms have been investigated extensively for the realization of their controllable synthesis [1] [2] [3] [4] [5] [6] .
More complicated structure can endow multi-branched carbon fibers with more unique characteristics and corresponding potential applications than ones with ordinary one dimensional structure and morphology. The preparation method for multi-branched carbon fibers is not as complicated as their resultant structure. They have been synthesized by several methods, such as chemical vapor deposition (CVD) [1] [2] [3] 7] , anodic aluminum oxide (AAO) template method [8] , combustion method [9] , and arc discharge [l0]. In this study, the CVD method was adopted to produce exotic carbon fiber structures. Its merits are low cost, good repetition, and convenient operation. Currently, the catalysts used for the synthesis of multi-branched carbon fibers are Fe [11] , Co [12] [13] [14] , Ni [1] , Cu [15] [16] and other additives [4, 14] . Multi-branched carbon fibers have demonstrated astounding properties of magnetism [6] , electrochemistry [17] [18] , and microwave absorption [19] .
In this letter, we have synthesized carbon fibers with spur structure using nickel metallic organic compound catalyst precursor at 600 ºC. Among these as-prepared products, carbon fibers were obtained catalytically by metal nickel catalyst particles. Interestingly, there were many carbon fiber spurs grown on the sides of carbon fiber stems. The most important finding of this letter is that no catalyst particles were found at the tip or base of the fiber spurs, and thus the growth of the spurs was not led by nickel catalyst particles.
Experimental details
In this report, metal nickel catalyst precursor was prepared by the following method: First, nickel chloride (NiCl 2 ·6H 2 O, 0.01 mol) and potassium sodium tartrate (KNaTA·4H 2 O, 0.01 mol) were each dissolved in 100 mL of distilled water. Subsequently, the nickel chloride solution was blended with the potassium sodium tartrate solution and stirred vigorously. After about 10 minutes, a green deposit was obtained that was washed 3 times sequentially with absolute alcohol followed by distilled water. Finally, the nickel catalyst precursor was dried at 60 °C.
Multi-branched carbon fibers were synthesized using the nickel catalyst precursor on a ceramic substrate located in the center of a reaction tube that was heated externally. The reaction temperature and the pressure in the reactor were 600 ºC and at atmospheric pressure, respectively. The temperature ramping rates from 25 ºC (room temperature) to 500 ºC and from 500 ºC to 600 ºC were 9.5 ºC/min and 3.3 ºC/min, respectively. The carbon source gas acetylene was introduced at 400 ºC. When the timed reaction was finished, the power was turned off, the carbon source acetylene gas in the reaction tube was extracted immediately, and the sample was allowed to cool down naturally.
The morphology and structure of carbon fibers with exotic structures and nickel catalyst precursor were characterized by transmission electron microscopy (TEM, JEOL JEM-2000EX), cold field emission scanning electron microscopy (FESEM, JEOL JSM-6700F) , X-ray energy dispersive spectroscopy (EDS, Oxford INCA) and X-ray powder diffraction (XRD, Philips X'Pert MPD).
Results and Discussion
The FESEM images in Figure 1 demonstrate the morphology of the nickel catalyst precursor used to synthesize carbon fibers with branched structures. From these images, we observe that the catalyst precursor possesses tabulate shape and large size, about 10 µm in width, several tens of micrometers in length, and 5~6 µm in thickness. Figure 1b shows a FESEM image of the nickel catalyst precursor under high magnification. FESEM images of carbon fibers decorated with small carbon spurs are displayed in Figure 2 . The carbon fiber stems reveal a cuboid structure with four planes along the axial direction. Analogous to an arborization pattern, there are many small carbon fiber spurs emanating from the opposite sides of carbon fiber stems, yet no growth of carbon spurs can be observed on the other two planes of the stems. The diameters of carbon fiber stems and spurs are about 200 nm and 80~90 nm, respectively. Also, these small carbon spurs do not project at right angles from the stems, but demonstrate approximately a 60 º angle relative to the stems. The carbon fiber stem shown in Figure 2a displays seven small carbon spurs in their initial growth period, indicated by white circles. Figure 2b and 2c show that the carbon fiber stems have obvious carbon spurs with different lengths. We found that the shape of the carbon fiber stems is similar to the shape of a capital letter "S", and that most of the small carbon spurs emanate from the concave surface of the stem and are oriented along the same direction as the carbon source gas flow. Under high reaction temperature, carbon atoms decomposed from acetylene have deposited layer by layer, and then the spurs were obtained finally. In addition, two planes of the stems demonstrate no growth of the small carbon spurs, the morphology of which cannot be affected by the gas flow of acetylene. Therefore, the formation of carbon fibers with a spur structure suggests a relationship to the fluctuation of acetylene flow in the concave of carbon fiber stems.
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Intelligent System, Applied Materials and Control Technology Fig.2 . FESEM photos of carbon fibers with a spur structure.
The growth model for the formation of carbon fiber spurs is shown in Figure 3 . During the growth process, the "S" shape of the carbon fiber stems provides the growth points for carbon fiber spurs, usually at the concave regions of the stems. The curved surfaces disturb the flow of acetylene gas and the disturbance results in the agglomeration of acetylene gas at these regions (Fig. 3a) , which follows by the decomposition of acetylene at these locations to form fiber spurs (Fig. 3b) .
TEM images of carbon fibers with a spur structure are displayed in Figure 4 . The carbon fiber stem in Figure 4a displays many carbon spurs, and no metal particles were discovered at the base of the spurs. Figure 4b is a TEM image of carbon fibers with spur structures under higher magnification.
It is remarkable that there are visible polycrystalline rings and no single crystal patterns in the selected area electron diffraction pattern (SAED) of the carbon fiber spurs, suggesting that the carbon fibers possess a crystalline structure to a certain extent and that growth of the carbon fiber spurs has not resulted from catalysis by the metal catalyst particles. Observations of FESEM and TEM image data indicate that carbon fiber spurs have a stratified structure, which is indicated by the two carbon spurs shown in Figure 4c . The two insets display TEM images of carbon spurs at higher magnification.
Advanced Materials Research Vol. 645 EDS analysis was employed with elemental distribution mapping mode to prove the non-catalyst growth of carbon fiber spurs. Figure 5 shows the FESEM image of carbon fiber stem with spurs and its corresponding elemental distribution analysis. No metal nickel is found in the three detection 6
Intelligent System, Applied Materials and Control Technology regions, including the surfaces of carbon fiber stem and spur. The signals of silicon and platinum came from silicon wafer used as a supporter for FESEM observation and the platinum coating used for FESEM characterizations, respectively. 5 . FESEM photo and element analysis of carbon fibers with a spur structure. Figure 6 shows the XRD pattern of carbon fibers with spur structures. Through analysis, we know that the sample consisted primarily of carbon and nickel. Unlike our previous work [15] , the carbon fibers in this study possess a definitive crystalline structure due to the high reaction temperatures used during preparation.
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Conclusions
In summary, we have synthesized carbon fibers decorated with small spurs, and no metal catalyst particles were localized at the base of the carbon fiber spurs, an observation supported by TEM images and SAED patterns. We hypothesize that fluctuation of the carbon source gas acetylene flow leads to the formation of carbon spurs. The carbon fibers demonstrate a crystalline structure. The growth mechanism of carbon spurs will be investigated in detail in our future work.
